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  Two-dimensional (2D) transition metal dichalcogenides (TMDs) show great potential 

for the future electronics, optoelectronics and energy applications. But, the studies unveiling 

their interactions with the host substrates are sparse and limits their practical use for real device 

applications. We report the facile nano-scratch method to determine the adhesion energy of the 

wafer scale MoS2 atomic layers attached to the SiO2/Si and sapphire substrates. The practical 

adhesion energy of monolayer MoS2 on the SiO2/Si substrate is 7.78 J/m2. The practical 

adhesion energy was found to be an increasing function of the MoS2 thickness. Unlike SiO2/Si 

substrates, MoS2 films grown on the sapphire possess higher bonding energy, which is 

attributed to the defect-free growth and less number of grain boundaries, as well as less stress 

and strain stored at the interface owing to the similarity of Thermal Expansion Coefficient 

(TEC) between MoS2 films and sapphire substrate. Furthermore, we calculated the surface free 

energy of 2D MoS2 by the facile contact angle measurements and Neumann model fitting. A 

surface free energy ∼85.3 mJ/m2 in few layers thick MoS2 manifests the hydrophilic nature of 

2D MoS2. The high surface energy of MoS2 helps explain the good bonding strength at 

MoS2/substrate interface. This simple adhesion energy and surface energy measurement 

methodology could further apply to other TMDs for their widespread use. 
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CHAPTER 1 
INTRODUCTION 

1.1  Motivation 
     2D materials, spanning from graphene to entire TMDs library have attracted enormous 
interest and attention due to their exceptionally unique properties as compared to the bulk 
counterparts. After the discovery of graphene in 2004, numerous efforts have been made to 
explore the intriguing properties of 2D TMDs in the application areas of batteries, flexible 
devices, electronics, healthcare, etc [1]. Among the various TMDs, 2D MoS2 has shown 
exciting electrical, optical, mechanical and chemical properties that renders it to be used for a 
multitude of applications [2]. 

There has been great deal of efforts to reveal the electronic, photonic and mechanical 
properties of two dimensional MoS2, but, its detailed adhesion energy with the underlying 
substrates are less reported. Currently the efforts made about adhesion energy in the realms of 
2D materials are only limited to graphene based studies [3-6]. To the best of our knowledge, 
no reports have been found demonstrating the adhesion energy of 2D MoS2 on its supporting 
substrates, which is technically significant. As such, it is urgent for us to develop a facile, 
repeatable method to characterize the adhesion energy of 2D MoS2, not only for obtaining the 
exact adhesion value, but also for judging the feasibility of the using nanoscratch method to 
characterize the adhesion energies of atomically thin films at nano-scale. In addition to the 
interface bonding studies, the surface free energy determination of these materials will 
estimate their interaction with external environment such as vapor or other gases. 2D 
materials including graphene, TMD, hexagonal BN are being actively studied to explore their 
applications as coating for corrosion protection and friction resistance [7-9]. Revelation of the 
wettability and surface free energy will be surely helpful for the estimation of the intrinsic 
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interaction of MoS2 films with gases and liquids in the environment, and serving as a 
background for subsequent surface modification. Thus, it is also necessary for us to get the 
detail of surface energy of MoS2 with a moderate thickness by a simple and convenient way.

Here we have utilized the nano-scratch method to characterize the practical adhesion 
energy of 2D MoS2 onto rigid substrates. The feasibility and the reliability of the 
experimental results is discussed. Since a great many of properties of MoS2 are dependent on 
the film thickness, in the paper we prepared a set of MoS2 films with ranging thickness and 
examined its effect on the practical adhesion energy obtained. In addition, due to the fact that 
substrate has a impact on the property and functionality of MoS2, we synthesized MoS2 thin 
films on SiO2/Si substrate and sapphire substrate, respectively, then compared the differences 
of the practical adhesion energy on these substrates as well as analyzed the cause. The 
adhesion value results got from nano-scratch technique enable us to know the energy 
contribution from the interface bonding status, stress and strain in the film, film deformation 
and fracture in the nano-scratch process. 
    Moreover, the surface energy of the MoS2 films was determined by measuring contact 
angles of four different liquid mediums, i.e.acetone, dimethyl sulfoxide, formamide, water, 
and then calculating using Neumann method fitting. The contact angle and surface energy 
obtained in our work prove that few layers thick MoS2 is hydrophilic in nature. Correlation 
between film thickness and contact angle is also demonstrated in our research work. 

The adhesion energy and surface energy of two dimensional materials have a significant 
impact on their fundamental properties as well as the performances when they are made into 
devices like sensors, transistors, also the information of adhesion energy and surface energy 
can be instructive for the development of two-dimensional materials based coatings applied 
for corrosion and friction reduction. This simple adhesion energy and surface energy 
measurement methodology could further apply to other TMDs for their widespread use. 
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1.2  Objectives 
Following are the goals and objectives of this research work and master thesis: 

1. Characterizing the practical adhesion energy of two dimensional MoS2 on rigid substrate,
judging the feasibility of nano-scratch method for the measurement of adhesion energy
of thin films at nano-scale.

2. Evaluating the experimental adhesion energy by studying the MoS2 films thickness effect
and substrate effect, making clear understanding of the contribution from the intrinsic
interfacial bonding, films deformation and film fracture…etc.

3. Measuring the surface energy of 2D MoS2 (contact angle) films, investigating how
surface energy of MoS2 would change with its thickness and effect on the experimental
adhesion energy.

4. Revealing the bonding strength of two dimensional MoS2 on rigid substrate and its
surface free energy when exposed to air environment, evaluating the feasibility of
atomically thin MoS2 films as a coating for friction resistance.
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CHAPTER 2  
LITERATURE REVIEW 

2.1  Two Dimensional Materials: Properties, Synthesis and Application 

2.1.1  Introduction to Graphene 
    Two-dimensional (2D) materials refer to substances whose thickness is equal to or 
below to a couple of nanometers. The first found and most well-known two-dimensional 
material is graphene. Since its initial discovery in 2004, it has attracted great interest and 
passion of numerous researchers from the field of physics, chemistry, materials science due to 
its exceptional properties. Single-layer graphene, a kind of atomically thin material formed by 
carbon atoms organizing in a honeycomb structure, is bestowed with good thermal and 
chemical stability as well as superb conductivity. Also, because of the strong inter-atomic 
forces, the transfer of electrons is less affected by scattering, enabling graphene to show high 
mobility which can be up to several tens of thousands. Moreover, graphene is compatible 
with the conventional micro and nano-fabrication technology. In regard of these excellent 
properties, graphene is considered as a kind of ideal materials for electronic devices [10]. 

However, graphene is a zero-bandgap materials, the field electron transistor based on 
graphene cannot cut off current effectively and the on-off ratio is too low. Although a number 
of methods have been taken by the researchers for the aim of opening up the band gap of 
graphene, the effect is not as good as we expect, and normally the introduction of band gap is 
at the expense of lowering down its mobility. As such, the nature of zero band gap has greatly 
limited its use in large-scale integrated transistors and logic devices [11]. 
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2.1.2  Two Dimensional MoS2 and Its Crystal Structure 
In recent years, the research focus has been gradually shifted to another kind of two 

dimensional materials - Transitional Metal Disulfides (TMDCs), the general structural 
formula can be written as MX2. Here M refers to transition metal such as group IV elements 
(i.e. Zr, Ti), group V elements (i.e. Nb, V), and X is chalcogen including S, Se, Te, etc. The 
bulk counterpart of MX2 has already been widely studied and reported as lubricants. Thanks 
to the advances in materials synthesis and fabrication, very few layers or even single layer 
MX2 can be got and it has shown a great potential in semiconductors, photo-detectors and 
chemical catalysis, etc. A typical example is Molybdenum Disulfide (MoS2). The most 
intriguing property of 2D MoS2 is their semiconductor behavior with a bandgap which falls 
within 1.2 to 1.8 eV [12]. The existence of bandgap, excellent electrical mobility and on/off 
ratio enables 2D MoS2 to be a good candidate to replace graphene and apply in 
next-generation field emission transistors [13]. At the same time, researchers have found that 
the defects and edges on the 2D MoS2 could provide a great many of active site for the 
catalytic reaction such as hydrogen evolution [14]. 

The structures of MoS2 can be shown as Figure 2.1(a) [15]. Every layer of MoS2 
constitutes three sub-layers, that is, a middle layer of Mo atoms is sandwiched by two 
hexagonal S atoms-composed layers. Two adjacent layers are linked only through a weak van 
der Waal forces and finally a great many of layer form into a bulk crystal. Because of the 
difference in the stacking way and coordination of atoms, the crystal of TMDs can be 
classified as three types namely 1T, 2H, 3R [16]. As shown in Figure 2.1(b), the 2H-MX2 is 
hexagonally symmetrical, MoS2 layers are stacked in the way of ABAB. While for 3R-MX2, 
it presents a rhombohedral symmetry, the way of ABCABC is adopted for the stack of layers. 
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   Figure 2.1. (a) Schematic diagram of atomic structure of MoS2; (b) Structural representation 
of 1T, 2H and 3R MoS2 crystal structure. [15-16] 

2.1.3  Properties of MoS2 

2.1.3.1  High Mechanical Strength and Young’s Modulus 
    Castllanos-Gomez et al. have exfoliated two dimensional MoS2 from the bulk crystal 
and transported to the SiO2/Si substrate which is pre-patterned with holes [17]. After the 
mechanical testing by AFM on these suspended nanosheets as shown in Figure 2.2, they 
found the Young’s Modulus for ultra-thin MoS2 layers is about 0.33 Tpa, which can be 
compared with graphene and graphene oxide. The 2D MoS2 can withstand a deformation up 
to dozens of nanometers and be free of breaking, making it to be a good candidate for the 
application in flexible electronics. 

Figure 2.2. Schematic of using AFM to test the mechanical property of MoS2 and as-obtained 
force-deflection curve. [17] 

(a) (b)
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2.1.3.2  Excellent Field Emission Transistor Property 
For large-scale integrated circuit, smaller and denser transistors will lead the operation 

rate to increase rapidly. However, the conventional Si-based MOS FET will encounter a 
serious bottleneck when its scale lowers down to 22 nm. The remarkable thing is that MoS2 
can still possess excellent electrical characteristic even at a thickness of single layer. 
According to the reports by Radisavljevic et al, the field emission transistors fabricated by the 
mechanically exfoliated MoS2 can be comparable to graphene and at the time possess a high 
on/off ratio [12]. Therefore, the MoS2 make it possible for the transistors in the future era to 
become smaller and denser on the wafer. 

 
2.1.3.3  Light Absorption and Photoluminescence (PL) Evolution 

Absorption and Photoluminescence of MoS2 are found to be a function of thickness [18]. 
For thick MoS2 layers, the PL intensity is so low that the spectra almost cannot be seen in the 
graphs, but when MoS2 is thinned down to monolayer, a huge characteristic PL peak shows 
up at nearly 1.9 eV, illustrating the nature of direct band gap in monolayer MoS2. The two 
main peaks in optical absorption spectrum presented in Figure 2.3(b) are in agreement with 
the A1 and B1 exciton bands, which are originated from the transition from the bottom of 
conduction band to the top of valence band. 
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Figure 2.3. (a) Photoluminescence and (b) Absorption spectra of MoS2 with a thickness from 
1.3 nm, 1.9 nm to 3.2 nm, 4.4 nm and 7.6 nm. Insets shows how the energies of A excition 
peaks change with thickness. [18] 
 
2.1.3.4  Raman Spectra 
    Raman technique is a commonly used method to confirm the quality of 2D materials and 
distinguish the thickness of layers. For the Raman study of MoS2, as presented in Figure 2.4, 
the E2g and A1g peaks correspond to the intra-plane and out-of-plane vibration respectively. 
We can also find here the peak positions shift a little when the number of layers varies. With 
the increase of thickness of MoS2, the frequency spacing between E2g and A1g goes up as 
result. This is because that coupling between electronic structure and phonons in MoS2 are 
also a function of its thickness [19]. 

 
Figure 2.4. (a) Raman spectrum of MoS2 at different thickness; (b) Frequencies of A1g and 
E2g modes of MoS2 at different thickness. [19] 

(a) (b) 
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2.1.4  Synthesis of Two Dimensional MoS2 
The most important issue for the large-scale application of two dimensional MoS2 is to 

find out an effective, efficient and cost-saving way to synthesize good-quality, large-area and 
thickness-modulated MoS2. A number of ways are being explored and they can be classified 
as two categories, namely bottom-up method and top-down method. 

2.1.4.1  Mechanical Exfoliation 
Among the various top-down methods, mechanical exfoliation is the easiest and most 

widely adopted one. Just with the help of adhesive tape, 2D MoS2 can be exfoliated from the 
bulk crystal manually and the products got are usually provided with high mobility, large 
grain size and less defects. Mechanical exfoliated MoS2 are the most ideal candidate for the 
research of their novel physical and chemical properties, as well as demonstration of their 
intrinsic properties such as Young’s Modulus, breaking strength, etc. However, the yield of 
this method is now and can hardly be used to for massive production, not to mention its poor 
repeatability. 

2.1.4.2  Solvent-Based Exfoliation 
The solvent-based exfoliation method was firstly developed by O'Neill et al. They 

dipped the bulk MoS2 crystals into some chemical solvents. Since the organic solvent could 
reduce the interlayer binding energy of adjacent layers of MoS2, the separation of bulk crystal 
into single or even few layer MoS2 could occur in the solution by sonication [20]. This 
method is convenient and easy to operate, it may be appropriate for the large-scale production 
of MoS2 layers. However, the bulk crystals can hardly be exfoliated into single layers. 
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2.1.4.3  Ion Intercalation Method 
This method was initially developed by Joensen et al. in 1986 [21]. Firstly, the lithium 

ions from solution are utilized to insert into the gaps between MoS2 layers, then water 
molecules would also penetrate into the gap and form reaction with the lithium ions so as to 
generate hydrogen gas. The hydrogen gas will push the MoS2 layers apart, thus few or single 
layer MoS2 could be produced. Although this method is relatively complicated, it could be 
applied in a diverse field and almost all layered compound could be exfoliated through this 
way. However, the process is hard to control, excess intercalation will lead the MoS2 flakes to 
break and form into particles. Moreover, the crystalline structures will be changed from 2H to 
1T after ion intercalation, meanwhile the semiconducting property of MoS2 will disappear. 
Jiang et al. has developed this method, and they found that the crystalline structure of MoS2 
could be turned back from 1T to 2H after annealing at 300 [22]. 

 
2.1.4.4  Chemical Vapor Deposition Method 

A great many of CVD methods have been developed in order to synthesize high-quality 
and large-scale two dimensional MoS2. They all could categorized into two routes, one is 
two-step method, in which metal Mo or Mo-based compounds are firstly deposited onto 
substrates and then sulfurized into MoS2 by CVD, the other way is named as one-step 
approach where Mo elements and S elements in gas state are introduced in the CVD chamber 
concurrently and react to form MoS2 on the substrates. 

 Mo Precursor Sulfuration 
Zhan et al. has reported a way of depositing thin Mo films with a thickness of several 

nanometers and then sulfurizing it by CVD [23]. From the TEM images, they observed the 
MoS2 thin layers synthesized by this method are poly-crystalline and the average grain size is 
about 20 nm. They then fabricated FET devices using the MoS2 films, the mobility they’ve 
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measured ranged from 0.004 to 0.04 cm2.V-1.S-1, which is very low. This is because the Mo 
layers at the bottom cannot be sulfurized and it will give some negative effect on the mobility. 
    Our lab also proposed a two-step method to synthesize two dimensional MoS2 with the 
technique of magnetron sputtering followed by CVD sulfuration [24-25]. The thickness of 
MoS2 is determined by that of Mo layers, which could be controlled by changing the 
sputtering time in the first step. High-quality and thickness-controlled MoS2 films could be 
successful obtained after confirmation by HRTEM, AFM, Raman spectroscopy. Electrical 
mobility of our samples can exceed 10 cm2.V-1.S-1 and its on/off ratio would be at a level of 
106. 

 Decomposition of (NH4)2SO4

    Liu et al. has demonstrated a way of synthesizing atomically thin MoS2 layers by the 
thermally decomposition of (NH4)2SO4 [26]. They firstly covered the sapphire substrate by 
(NH4)2SO4 solution through spin-coating, then annealed it twice in the sulfur and argon 
atmosphere at high temperature. As-grown MoS2 layers exhibited a high mobility (6 
cm2.V-1.S-1) after fabricating into FET device, at the same time Raman spectroscopy has 
proved the high quality of that crystal. 

 Direct Reaction of Gaseous MoO3 and Sulfur
This method is firstly reported by Lee et al [27]. Firstly, they dip the substrate with some 

graphene-like molecules as nucleation catalysis, then in the CVD chamber the sulfur and 
MoO3 powder will evaporate into gaseous phase and react to form atomically thin MoS2 
layers onto the substrate. MoS2 nanosheets ranging from 1 to 3 layers in a triangular shape 
could be got by this method. Mobility of the film is relatively low because of the existence of 
defects and high-density grain boundaries. 
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2.2  Adhesion of Two Dimensional Thin Film on the Rigid Substrate 

 
2.2.1  Mechanics of Adhesion 

Currently five adhesion mechanism have been presented in order to explain the adhesion 
mechanism in the interface of two materials. 

 
2.2.1.1  Mechanical Adhesion 

The voids and holes of surface of one material is filled by the other material, thus these 
two materials are held together by the effect of interlocking. When two different or 
incompatible surfaces get touched, there will be a distinct interface between them, and that 
could be called simple mechanical adhesion. 

 
2.2.1.2  Chemical Adhesion 

If the surfaces of two separate materials get touched with each other and ionic, covalent 
or hydrogen bonds formed between them, then a strong bonding strength will occur, that’s 
how chemical adhesion defines and works. Chemical adhesion could possibly exist only 
when the surface of two separate materials are very close and distances between them should 
be less than 1 nm. 

 
2.2.1.3  Dispersive Adhesion 

In this case, it is mainly the van der Waals forces at the interface that keep the two 
materials together. When two different materials are moving close, the molecules on the 
surfaces will interact and form an attractive force. This is the most common situation in 
nature. 
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2.2.1.4  Electrostatic Adhesion 
The electrons of some conductive materials may be transferred so that at the joint 

interface an electrical charge difference will occur. As such, an attractive electrostatic force 
will be generated and this could contribute to the adhesion of two different materials. 

 
2.2.1.5  Diffusion Adhesion 

Sometimes when two materials are joint together, the molecules of one material surface 
may merge and diffuse into the surface of other material, then a transition layer will appear at 
the interface. The particles in the interface will generate a diffusive bonding and prevent the 
two surface being apart. 

 

2.2.2  Test Methods for the Adhesion Energy of Thin Films 
For the aim of measuring adhesion energy of thin films onto substrates, a great many of 

ways have been developed such as peel tests, scratch tests, beam cantilever test, etc. The 
detailed description and schematic diagram can be shown below. 

 
2.2.2.1  Peel Test 

Normally a peel test is utilized to characterize the adhesion energy between thin films 
and substrates when no accurate results is required. As demonstrated in Figure 2.5, by 
pushing a length of tape onto thin film surface and then increase the applied force gradually, 
final adhesion strength is ascertained through recording the critical force when thin film 
begins to debond from the substrate [28]. 
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Figure 2.5. Schematic diagram showing the principle of peel test. [28] 

 
2.2.2.2  Scratch Test 

Scratch test is processed as loading a normal force on thin films at first, and then 
observe the critical force when the interface failure happens, detailed procedure is presented 
in Figure 2.6 [29]. Although this method is straightforward, the real adhesion force is still 
hard to get since the interface failure mode cannot be defined easily. Scratch test is widely 
applied to measure and evaluate the bonding strength of metallic films onto rigid substrates. 

           Figure 2.6. Schematic of scratch adhesion test. [29] 
 

2.2.2.3  Cantilever Test 
Cantilever test is usually adopted to characterize the adhesion energy of thin films onto 
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metallic or ceramic substrate. In this process, a crack in the interface will propagate from one 
end to the other side by applied forces and thus the bonded sample will be pulled apart like 
the process presented in Figure 2.7. The energy release rate can be estimated by recording the 
loading force and the geometry of the cantilever beam sample [30]. 

Figure 2.7. (a) Double Cantilever Beam sample; (b) DCB sample with loading taps in place. 
[30] 

2.2.2.4  Blister Test 
Blister test is also an applicable way to reveal the bonding energy of thin films. The 

free-standing thin films is forced to bulge and debond from the substrate by a pressure 
difference, a relationship between the deflection profile and pressure-induced force is built, as 
such the residual stress of the film and its bonding energy onto substrate can be extracted 
after analysis, schematics is presented in Figure 2.8 [31].

Figure 2.8. Schematic of blister test for the adhesion energy measurement. [31] 

(a) (b)
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2.2.2.5  Nano-scratch Test Method 
Conventional measurement method for characterization of adhesion energy of thin films 

usually only adapts to the sample at micro-scale. When the thickness of film decreases to 
several few nanometers, these techniques would encounter a series of problems so that the 
data obtained may not be precise enough for estimation of the adhesion energy of thin films 
at nano-scale. In view of this, Lahiri and Das in our group have reported a novel nano-scratch 
test which is able to get the adhesion strength of a number of materials in nano-scale, 
including one dimensional and two dimensional materials such as carbon nanotubes, 
graphene and atomically thin MoS2, bone cell, etc [32]. The schematic diagram is drawn as in 
Figure 2.9. 

In this method, an indenter tip (i.e. Berkovich tip) would firstly contact the sample 
surface, then travel from the bare substrate region to the 1D/2D materials-substrate interface, 
thus causing the thin films to debond from the substrate. During this process, the 
nanoindenter apparatus keeps record and shows the curve of lateral force versus lateral 
displacement. The extra force required when the tip moves on the films as compared on bare 
substrate is regarded as the adhesion resistance of the film. The profiles of scratch channel 
can be checked by the facility of SPM and SEM. Finally the adhesion energy per area can be 
obtained through dividing the total consumed debonding energy by scratch area. 
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Figure 2.9. Schematic of the nano-scratch technique for measuring adhesion strength. [32] 
 
2.2.3  Adhesion of Nanosctrutured Materials 
    One and two-dimensional nanomaterials are studied for a wide application on electronic, 
energy storage, healthcare, etc. Thanks to their large surface-to-volume ratios, these 
nanomaterials interfaces exert a significant influence on their properties. 

Determination of the adhesion energy between 1D/2D materials and their supported 
substrate will not only help us better know the interactions on the interface so as to judge if 
the nanomaterials are stable in practical application, but also guide us to design ways in order 
to tune the functionalities and performance of nanosctructure-based devices. Currently, a 
number of ways have been reported to quantify the interfacial binding forces and energies of 
carbon nanotubes, graphene on rigid substrate. 

 
2.2.3.1   Adhesion Force of Carbon Nanotubes 

Whittaker et al. have measured the adhesion force of CNT on the SiO2 by AFM 
technique [33]. Firstly, single-walled CNTs were grown on the well-defined trenches of SiO2 
substrate. Then a vertical force generated by AFM probe tip was applied on the nanotubes, 
results showed 7-8 nN of applied tension could make the CNTs slip along SiO2. 
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Our lab firstly proposed a way to quantify the adhesion force of CNT by 
nanoscratch-based technique, debonding energy of single CNT on the Cu and Si substrate is 
proved to be ranging from 1 pJ to 10 pJ [34]. 

 
2.2.3.2  Bonding Energy of Graphene 
    Koenig et al. reported the adhesion energy of graphene onto SiO2 substrate by 
pressurized blister test [3]. Results showed that, the adhesion energy of single-layer graphene 
is about 0.45±0.02 J/m2 and the value will change to be 0.31±0.03 J/m2 for two- to 
five-layer graphene sheets. 

Using a direct double cantilever fracture measurement method, Yoon et al. demonstrated 
that the interface adhesion energy of monolyaer graphene grown onto copper substrate is 
around 0.72 ± 0.07 J/m2 [4]. In our lab, we have also checked the adhesion strength of 
graphene on the metallic copper substrate and dielectric SiO2 substrate, final experimental 
value turned out to be 12.8 J/m2 on Cu, 72.7 J/m2 on Ni, and 10.09 J/m2 on SiO2 respectively 
[5-6]. 

 
2.2.3.3  Atomistic Simulation of 2D Materials Adhesion 

Through atomistic simulations and theoretical modeling, Guo et al. demonstrated that 
the adhesion of two dimensional materials to the supported substrate is more like a gas 
absorption rather than solid adhesion [35]. When two dimensional materials attach or detach 
from a substrate, a heat release or absorption will occur, illustrating the surface adhesion can 
be affected by thermal fluctuations. The gas-like adhesion mechanism is important for further 
2D materials synthesis and device design. 
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2.2.3.4  Atomic-Bond-Relaxation Consideration of 2D Materials Adhesion 
He et al. have shown their calculation results regarding the adhesion energy of graphene 

onto SiO2 and copper substrates by bond relaxation consideration [36]. They divided the total 
adhesion energy into two parts, one is the van der Waals adhesion energy at 
graphene/substrate interface, and the other is elastic stress and strain energy stored in 
graphene. Theoretical results showed us the intrinsic property of graphene such as Young’s 
Modulus will change with thickness, and finally adhesion energy will go down when the 
thickness of graphene increases. 

 
2.3  Surface Energy of Two Dimensional Materials Surface 
    Since the two dimensional materials are atomically thin, the devices made must 
comprise a supporting substrate. Understanding the surface wettability of 2D materials on 
supporting substrate is very important for device fabrication, since the surface energy is a key 
factor of determining the interaction of thin film and environment. In this section, the surface 
energy definition, characterization method, as well as the surface energy of typical 2D 
materials will be discussed. 
 
2.3.1  Surface Energy Definition 

Surface energy is the amount of additional energy on the materials surface as contrast to 
its inside counterparts. Its value equals to the work that needs to be done to create a new 
surface. 
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2.3.2  Contact Angle Measurement 
 
2.3.2.1  Young’s Equation 

The wettability and surface energy can be measured by contact angle of liquid drop 
when it interacts with the substrate. 

Firstly a liquid drop will be sitting on a flat and horizontal solid surface. The angle 
between the horizontal line of liquid/solid boundary and tangential line of liquid/vapor 
boundary is referred to as the contact angle. Normally, when the contact angle is below than 
90°, the surface can be called hydrophilic because the water drop will spread out on it and 
contact area is relatively large. On the other side, if the contact angle is more 90°, the 
interface area between liquid and solid is small and thus the surface of solid is less favorable 
to wettalibity, which is called hydrophobic. 
    The configuration of liquid on solid substrate can be drawn as in Figure 2.10 [37]. The 
contact angle and interface tension should satisfy a theory raised by Young as shown in 
Equation (1). 

          coslvslsv            (1) 

In this equation, sv , lv  and sl  refer to the interface energy of s-v, l-v and s-l, 
respectively. While θ represents the contact angle defined as the one between horizontal line 
of liquid-solid interface and tangent line of liquid-vapor interface. For this equation, we just 
already know the value of lv  and θ, the remaining two including sv , sl are still left 
unknown. Thus, it is impossible for us to get the exact value of surface energy of one solid 
surface by just measuring contact angle of one liquid on top of it. 
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Figure 2.10. Schematic of a droplet on solid surface and Young’s equation demonstration. 
[37] 
 
2.3.2.2  Preparation of Sample and Contact Angle Meter 

Typically the surface roughness of the solid material to be measured should be 
controlled in nanoscale or less, and also a high uniformity of the surface chemistry is required. 
In addition, when we prepare the test fluid, several principles must be followed: (1) The 
surface energy of liquid should be greater than that of solid to be measured. (2) Liquid and 
solid are free of chemical reaction; (3) The liquid is non-toxic. The contact angle meter was 
comprised of several parts including light source, sample stage, liquid injector as well as 
CCD camera. Contact angle of droplets are recorded in this system for further analysis. 

 
2.3.2.3  Calculation of Contact Angle 

 Direct Angle Measurement 
    In terms of this method, after getting the images of the droplets on the solid surface, a 
liquid-to-vapor interfacial tangent line is made at the point where solid, liquid and vapor 
phases coexist. The contact angle is directly measured by a protractor and saved for further 
use. This method is convenient and efficient, and is used in many cases currently. However, 
the repeatability of this method is poor and accuracy cannot be guaranteed, since a direct 
measured angle value is greatly dependent on the testers’ observation and judgment thus 
individual differences are quite large. 
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 Height Measurement Method 
Wang et al. proposed that in the case of small droplets, the effect of gravity is negligible, 

thus droplets can be roughly seen as spherical caps in Figure 2.11 [38]. Based on this 
assumption, firstly the height h and width of droplets 2r are measured and then contact angle 
is calculated by Equation (2). However, actually the shape of the droplets is not exactly as a 
spherical cap, so the generated contact angle will have some errors. 

             22
2sin rh

hr
               (2) 

 

Figure 2.11. Schematics of droplets in a shape of spherical caps. [38] 
 

 Software Analysis Method 
    With the development of computer technology, powerful image processing technologies 
have produced an unique advantage for the contact angle measurement. Currently, almost all 
of the contact angle measuring instrument is equipped with a contact angle analysis software, 
which is using the drop shape analysis algorithms to calculate the value of contact angle. 
Frequently used drop analysis methods include polynomial fitting, Snake law, analytical 
approximation, etc. Drop shape analysis method enjoys a good repeatability and its accuracy 
can be up to ± 0.1°, which leads it to be widely applied for contact angle measurement. 
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2.3.3  Surface Energy Determination from Contact Angle 
 
2.3.3.1  Fowkes Approach 
    Fowkes et al. proposed the surface free energy of one solid is comprised of two 
independent parts, which could be described as in Equation (3) [39]. 

                         nd                        (3) 

Here,   is total surface energy, d  is the dispersive component that caused by 

London force among molecules, and n refers to the non-dispersive component. Based on 
this assumption, Fowkes assumes the solid-liquid interfacial energy can be considered as the 
sum of solid and liquid surface energy then minus the geometric mean of their dispersion 
components, like Equation (4). 

                  2/1)(2 d
lv

d
svlvsvsl                (4) 

In this equation d
sv  and d

lv  are the dispersive constituent part of solid surface energy 
and liquid surface free energy, respectively. 
    After combining the equation with Young’s equation, .we could get Equation (5). 

               2/1)(2cos d
lv

d
svlvlv                (5) 

   Since the parameter of  , d
lv  and lv  can be determined by experiments, thus just 

through surveying the contact angle of one liquid, surface free energy of that solid is able to 
be calculated. 
 
2.3.3.2  Owens-Wendt Model 
    Owens and Wendt further developed Fowkes approach, according to their thoughts, the 
total surface free energy is the summation of another two components as shown in Equation 
(6) [40]. 
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                  hd                     (6)   

    Where d  is dipole-dipole component and h is hydrogen bond constituent part. Thus 
Ownens and Wendt propose that the solid-liquid interfacial energy can be written as the sum 
of solid surface energy and liquid surface energy then minus the geometric mean of 
dipole-dipole components and hydrogen components, like the Equation (7). 

        h
lv

h
sv

d
lv

d
svlvsl sv  22            (7) 

    Where d
sv and d

lv  correspond to the dipole-dipole component of solid surface and 
liquid surface, respectively. h

sv  and h
lv  refer to the hydrogen bond components of solid 

and liquid surfaces, respectively. 
   Incorporation Young’s equation with Equation (7) yields the following Equation (8). 

  h
lv

h
sv

d
lv

d
svlv  22)cos1(       (8) 

In equation, liquid surface free energy lv  and its dipole-dipole component d
lv , 

hydrogen component h
lv  can be measured by experiments or consulted from chemistry 

manual. In this way only the dipole-dipole component d
sv  and hydrogen component h

sv  of 
solid are unknown, thus surface energy is able to be successfully calculated just through 
measuring the contact angles of two kinds of liquid droplets onto the solid surface. 

 
2.3.3.3  Neumann Model 
    In this model, firstly Neumman assumed that the contact angle of one liquid is only 
dependent on the liquid-vapor and solid-vapor surface free energy, namely lv  and sv  
[41]. 
    Then Neumann proposed a modified Berthelot equation which can be written as 
Equation (9) and Equation (10). 
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        2)(
l2 svlvesvvsvlvsl

        (9) 

          2)(21cos svlve
lv
sv 

          (10) 

In this equation, if we can measure the contact angles of various liquid droplets, then 
draw a curve showing the relationship between the liquid surface energy and their 
corresponding contact angle, detailed information stored in the curve allows us to derive the 
unknown surface energy of solid sv  and the parameter  .  
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CHAPTER 3 
SYNTHESIS AND CHARACTERIZATION OF 2D MoS2 

 
3.1  Introduction 

In this chapter, we have fabricated atomically thin MoS2 layers onto SiO2/Si substrates 
using a two-step sputtering followed by sulfuration method. The facilities Raman and AFM 
are applied to characterize the morphology, thickness, uniformity and quality of MoS2 films. 
A sharp interface between MoS2 and supporting SiO2/Si or sapphire substrate is intentionally 
made for the thickness check and further nano-scratch characterization. 

 
3.2  Experiments 
 
3.2.1  Synthesis of 2D MoS2 on SiO2/Si and Sapphire Substrate  

Large-scale and thickness controlled two dimensional MoS2 layers are synthesized by 
the approach as we reported before [24-25]. The synthesis involves two step, namely Mo 
metal deposition by magnetron sputtering and followed sulfuration in CVD chamber with 
argon as transport gas. Detailed steps are described as follows: (100) oriented doped silicon 
with a 300 nm thick SiO2 top layer, and sapphire are used as substrate for the further growth 
of MoS2 layers. To get a thorough clean SiO2/Si substrate, they were firstly dipped into 
acetone liquid and secured in an ultrasonic bath, then taken out and washed by ethanol, 
methanol and DI water successively. SiO2/Si are selected as the substrates because they are 
most widely used in semiconductor industry, MoS2 grown on top of SiO2/Si substrate can be 
fabricated into field effect transistors directly and are compatible with the conventional 
Si-based electronics. While for sapphire substrate, its advantage lies on its chemical inertness, 
hexagonal surface structure and small lattice mismatch with the atomically thin MoS2. 
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In the process of depositing Mo metal films onto SiO2/Si substrates, a high-purity Mo 
target with a diameter of 50 nm was used. After mounting the substrates into the chamber of 
magnetron sputtering machine, the air inside the chamber was pumped out so that the interior 
could keep in a low pressure at 10-7 Torr or less. Different sputtering time were selected here, 
ranging from 4s, 10s to 30s, 50, thus deposited Mo thin film are with varying thickness in our 
expectation. 

After the Mo thin films deposition, a following sulfuration were carried out in a 
chemical vapor deposition system. In the CVD chamber, substrates with sputtered Mo thin 
film and a ceramic boat containing pure sulfur powder were put in spontaneously. Before we 
began sulfuration, the pressure inside the tube was turned down to the level of 10-3 Torr by 
pumping out the existing air, and then the tube was then filled with argon gas in order to 
provide a decent atmosphere for MoS2 synthesis. The center of the quartz tube was heated to 
600 °C so that sublimed sulfur would react with Mo thin film and finally atomically thin 
MoS2 layers were produced. Whole sulfuration process lasted about 60 min, afterwards the 
tube was cooled to room temperature naturally after experiments. Since a bunch of Mo thin 
films with different thickness were got in the first magnetron sputtering step, the 
corresponding thickness of MoS2 obtained by sulfuration were anticipated to vary 
accordingly. 

 
3.2.2  Atomic Force Microscopy 

The thickness and morphology of two dimensional MoS2 were checked by Atomic Force 
Microscopy with Parks NX-10 system. 

 
3.2.3  Raman Spectroscopy 

Raman spectra are provided here to confirm the presence and high-quality of MoS2 thin 
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layers onto SiO2/Si and sapphire substrate. An Almega XR Raman spectrometer is utilized for 
collecting the data and here wavelength of the chosen laser is 532 nm. The facility is also 
configured with Olympus BX51 microscope which allows mapping abilities, it is noted here 
that the spatial resolution of the equipment can be down to 1 μm. 

 
3.3  Results and Discussions 
 
3.3.1  AFM Images of MoS2 onto SiO2/Si Substrate 

 The thickness and morphology of prepared MoS2 films is checked by AFM as shown in 
Figure 3.1. From the height profile of MoS2 in Figure 3.1, it could be seen that the thickness 
of MoS2 increases monotonically with the Mo deposition time, when the Mo deposition time 
increases from 4 s, 10 s, to 30s, 50 s, the corresponding thickness of MoS2 after sulfuration 
are 0.728 nm, 3.192 nm, 5.234 nm, 8.112 nm, respectively. Also the AFM images here prove 
that the as-grown MoS2 layers are quite uniform within a large area. 

 
Figure 3.1. AFM image of MoS2 with different thickness (a) 0.728 nm; (b) 3.192 nm; (c) 
5.234 nm; (d) 8.112 nm, relationship between MoS2 thickness and Mo deposition time is 
shown in (e). 
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3.3.2  Raman Spectra of MoS2 on SiO2/Si Substrate 

 Figure 3.2. Raman spectra of two dimensional MoS2 synthesized by a two-step approach on 
the SiO2/Si substrate, thickness of (a) 0.728 nm; (b) 3.192 nm; (c) 5.234 nm. 
 
 

From the Raman spectra shown in Figure 3.2, two peak positions show up around 384 
cm-1 and 405 cm-1 respectively, which are caused by the characteristic in-plane and 
out-of-plane vibration of S atoms. The exact peak locations and low half-band width are good 
evidence to prove the presence and high quality of MoS2 layers synthesized by our two-step 
methods. Here, we find that the frequency spacing of E2g and A1g of MoS2 with thickness 
0.728 nm is about 19.6 cm-1, which is in accordance with the reported value of monolayer 
MoS2. Moreover, it can be seen in the figure that frequency spacing goes up when the MoS2 
thickness increases, which is because that coupling between electronic structure and phonons 
in atomically thin MoS2 varies with thickness as proposed by Li et al. in 2012 [42]. 

 

3.3.3  AFM Images of MoS2 on Sapphire Substrate 
We synthesized MoS2 layers on sapphire substrate in the same two-step method as 

described above, namely sputtering followed by CVD approach, then the thickness of MoS2 
is checked by AFM and presented in Figure 3.3. Sputtering time of Mo in the first step are 
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chosen to be 4s, 10s, 30s, similar to the set of time as on the SiO2/Si substrate. The figures 
show that thickness of MoS2 on sapphire are 0.889 nm, 3.369 nm, 5.201 nm respectively 
when the sputtering time are 4s, 10s, 30s in the first step, while the corresponding thickness 
of MoS2 on SiO2/Si substrate are 0.728 nm, 3.192 nm, 5.234 nm as sputtering time varies. 
Results have demonstrated that MoS2 thickness are very close on SiO2/Si and sapphire 
substrate when sputtering time is the same in both cases. 

 
Figure 3.3. AFM image of two dimensional MoS2 synthesized by a two-step approach on 
sapphire substrate, sputtering time of Mo in the first step are (a) 4s; (b) 10s; (c) 30s. 
 
3.3.4  Raman Spectra of MoS2 on Sapphire Substrate 

We measured the Raman spectra of MoS2 on sapphire substrate to check the existence 
and quality of synthesized film, here the Raman spectra of MoS2 on SiO2/Si substrate is also 
drawn in the figure for comparison. As shown in Figure 3.4, we find the characteristic E2g and 
A1g peak positions as well as frequency spacing differ to some extent when the substrate 
change from SiO2/Si to sapphire. This phenomenon has been explained by Buscema et al, the 
effect could be attributed to a doping level change, as well as a shift of decay rates of the 
excitonic transitions caused by the substrate interactions [43]. 
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 Figure 3.4. Raman spectra of two dimensional MoS2 on the SiO2/Si and sapphire substrate, 
sputtering time of Mo is (a) 4s; (b) 10s, thickness of MoS2 is (a) 0.728 nm on SiO2/Si and 
0.889 nm on sapphire; (b) 3.192 nm on SiO2/Si and 3.369 on sapphire.  
3.4  Chapter Conclusion 

In this chapter, a two-step sputtering followed by sulfuration method is utilized for the 
synthesis of two dimensional MoS2. The thickness profile obtained from the AFM shows that 
when the sputtering time ranges from 4s, 10s, 30s to 50s, the corresponding thickness of 
MoS2 on SiO2/Si substrate are 0.728 nm, 3.192 nm, 5.234 nm and 8.112 nm, respectively. 
While its thickness on sapphire substrate are 0.889 nm, 3.369 nm and 5.201 nm when Mo 
sputtering time changes from 4s, 10s to 30s. Raman spectra confirm that as-grown MoS2 
films are in quality, the thickness of MoS2 and supporting substrate can give some effects for 
the Raman peaks positions shift. 
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CHAPTER 4 
ADHESION ENERGY OF 2D MoS2 ON RIGID SUBSTRATE 

 
4.1  Introduction 
    Despite a great deal of efforts have already been made to reveal the electronic and 
photonic performances of two dimensional MoS2, its detailed adhesion strength and 
mechanism on different substrates are less reported. Obviously, it is advantageous for us to 
get a better understanding on the interfacial adhesion energy of two dimensional MoS2 on its 
supporting substrates, for one thing, adhesion strength largely determines the effect and 
service life of devices based on 2D MoS2, an easily debonded 2D film has no meaning in 
practical use. For another thing, the electronic, photonic, thermal and some other properties 
of 2D MoS2 are greatly dependent on its interaction with the substrate. 

Here in this work we have utilized the nano-scratch method to characterize the adhesion 
energy of 2D MoS2 films onto their supporting substrates, for an attempt to judge the 
adhesion strength of 2D films, and evaluate the feasibility of nano-scratch technique. It is 
noted here that the thickness of MoS2 films have a great impact on its adhesion strength. Also 
we compare the adhesion energy of MoS2 films on SiO2/Si and sapphire substrate, and 
bonding mechanism is also discussed here. 
 
4.2  Experiments 
 
4.2.1  Nano-scratch Technique 

The adhesion energy of MoS2 films onto SiO2/Si and sapphire substrate was tested by 
using a novel nano-scratch approach as reported in our previous work [5-6]. The experiments 
were carried out in Hysitron Triboindenter TI 900 system. 2D scratch mode was selected and 
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the facility is installed with a Berkovich probe whose tip radius is about 100 nm. The 
resolution of the load and lateral displacement are 1 nN and 4 nm, respectively. During the 
nano-scratch process, firstly the tip touched with sample gently and then a normal force was 
applied, so that the tip would go into the sample for dozens of nanometers. The tip starts at 
one point on the bare substrate, where is about 5 μm away from the interface of MoS2 to 
substrate, and then moves towards the atomically thin MoS2. When the nanoindenter tip 
begins contacting the film, it keeps moving forward at a distance of 5 μm, peeling the film off 
from the substrate within the scratch region. The schematic diagram presented in Figure 4.1 
clearly shows how the nano-scratch technique works. In this process the lateral force vs 
lateral displacement curve is recorded, since debonding the MoS2 layers from substrates 
requires a certain amount of energy, thus a hump in the curve would appear when the tip 
moves from the substrate region to the MoS2 films region. Similar scratch experiments are 
also done on the totally bare substrates without MoS2 films, and then the lateral force value 
on substrate was deducted from the lateral force value on our prepared MoS2 films, the 
remaining one is regarded as the contribution from debonding MoS2 films solely. Finally the 
area under the curve of lateral force versus lateral displacement is computed to demonstrate 
the debonding energy of MoS2 on their supporting substrates. 

 

     
Figure 4.1. Schematic of the adhesion energy measurement with nano-scratch method at the 
MoS2/substrate interface. 
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4.2.2  Scanning Probe Microscopy 
The Hysitron Nanoindentation system is able to do in-situ scanning probe microscopy 

(SPM) imaging during nano-scratch process. The profile of scratch channel is clearly 
observed from the SPM image. 

 
4.2.3  Scanning Electron Microscopy 

Scanning Electron Microscopy (FEI Nova NanoSEM 230) is used to check the surface 
state of MoS2 film after nano-scratch process. Voltage we used for the characterization is 
about 4 kV, and the sample is placed on the stage at a distance of several millimeters from the 
electron source. 

 
4.2.4  X-ray Photoelectron Spectroscopy 

The X-ray photoelectron spectroscopy (XPS) is carried out in a VersaProbe Scanning 
XPS Microprobe. A focused homochromous X-ray light beam provided by the X-ray source 
is utilized to scan on the surface of MoS2 films. 
 
4.3  Results and Discussion 
 
4.3.1  Adhesion Energy of Monolayer MoS2 onto SiO2/Si Substrate 

The total consumed energy calculated from the curve of lateral force versus lateral 
displacement is considered as the debonding energy of MoS2 film. Scratch area is estimated 
from the profile of indenter tip and then confirmed by the SPM and SEM images. 

 
4.3.1.1  The Curve of Lateral Force vs. Lateral Displacement in Nano-scratch Process 
    The nanoscratch research studies were conducted by intentionally creating a sharp 
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interface between the MoS2 layer and SiO2/Si substrates. A Berkovich tip was then allowed to 
scratch from the SiO2 surface to the MoS2/SiO2 region. Figure 4.2 represents the 
corresponding results of the nano-scratch test in terms of lateral force as a function of lateral 
displacement. An apparent hump observed at the MoS2/SiO2 interface is the result of an 
external lateral force that was required to detach MoS2 film from the substrate. In other words, 
this extra force can be defined as the adhesion resistance force of MoS2 thin film attached to 
the substrate. Since the lateral force fluctuate a lot at the beginning and end of that scratch 
area, we just take the 4 μm on bare substrate and 4 μm on MoS2 film into consideration. The 
area under the curve of lateral force versus lateral displacement is estimated to be the 
film-substrate adhesion energy. Hence, the energy dissipated during nano-scratch process of 
single-layer MoS2 was calculated to be around 18.21 pJ.  

 
Figure 4.2. Lateral force vs. Lateral displacement when the nanoindenter tip starts 4 μm away 
from the MoS2/SiO2 interface and travels 4 μm inside the MoS2 film region, here the zero 
point at the lateral displacement indicates the sharp interface of film and substrate, MoS2 is at 
thickness of 0.758 nm. 
 
 
4.3.1.2  SPM and SEM Image of the Scratch Region 

After the nano-scratch process, SPM and SEM characterization is done on the scratch 
region and the figure is presented in Figure 4.3. This is to confirm that the MoS2 layers are 
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peeled off by the nanoindenter tip, and also the scratch width, length and area could be seen 
in the figure. Scanning Probe Microscope (SPM) image presented in Figure 4.3(a) clearly 
illustrates the scratch process by the indenter tip on the substrate and film region. SEM image 
shown in Figure 4.3(b) reveals MoS2 film is peeled from the substrate within the scratch 
region and stacked at the side and end of scratch channel. From the figures, we could know 
that the scratch width is about 0.585 μm, Thus, the scratch area could be got by multiplying 
the scratch width (0.585 μm) and scratch length (4 μm is taken into consideration in our case), 
results turn out to be 2.34 μm2. 

      
Figure 4.3. (a) SPM image and (b) SEM image of the scratch region after the tip moving 
across the substrate and MoS2-SiO2 interface region. 
 
4.3.1.3  Calculation of the Adhesion Energy of MoS2 on SiO2 Substrate 

From Figure 4.2, we know that the energy dissipated to debond the MoS2 layers from 
the SiO2 substrate is 18.21 pJ. Since the scratch area is checked by the SPM image shown in 
Figure 4.3 and equals to 2.34 μm2, the adhesion energy of MoS2 on SiO2 substrate per area 
can finally be obtained through the way of dividing the consumed energy by scratch area, 
which is around 7.78 J/m2. 
 
4.3.1.4  Intrinsic Adhesion Energy and Practical Adhesion Energy 
    The adhesion energy of 7.78 J/m2 measured by nano-scratch technique is much higher 

(a) (b) 
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than the theoretical values predicted by the DFT calculations of Sung et al [44]. According to 
them, when the S atoms of bottom S layer sit above Si atoms of the substrate, the binding 
energy would be 6 meV. Per unit cell. On the other hand, if it is the O-dangling bonds that 
mainly interact with S layer, the interface binding energy will change to 69 meV. Per unit cell. 
Apparently, both of these theoretical values are much smaller than the experimental value in 
our study. The reason behind this is because the adhesion value we measured using 
nano-scratch technique is the practical adhesion energy, rather than the fundamental adhesion 
energy. A relationship between these two terms can be described as in Equation (11). 

       WA,P = WA,F + URoughness + UInterlocking + UInterlayer + UDeformation           (11) 

Where WA,P is referred to as the practical adhesion energy obtained by experimental 
methods, while WA,F is intrinsic adhesion energy of two ideal surfaces in a thermodynamic 
view. And URoughness and UInterlocking are the additional energy induced by the substrate surface 
roughness and mechanical interlocking at the interface, respectively. UInterlayer is the interlayer 
binding energy of two adjacent layers of MoS2. 

The last term UDeformation is the deformation plus fracture energies consumed by the MoS2 
thin film during scratch test. Thus the difference between theoretical and experimental 
adhesion value could be explained by the fact that throughout the nanoscratch process, an 
important portion of the total energy is dissipated as film deformation or breaking energy and 
the real energy used to debond the film from substrate just accounts for a small part. 
    From Equation (11), we know that practical adhesion of 2D materials is quite 
complicated, not only the fundamental intermolecular or interatomic interactions at the 
film/substrate interface, but also a series of external factors such as film thickness, substrate 
roughness, and even test methods can give a significant effect on the final practical adhesion 
energy obtained by our nano-scratch technique. Below we consider and evaluate the effects 
of these parameters. 
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4.3.2  Thickness Effect on the Adhesion Energy of 2D MoS2 
    Since a large number of MoS2 properties such as band gap, Raman, and 
Photolumniscence (PL) depends on the its thickness and a number of devices have been 
developed based on the thickness-determined properties of two-dimensional MoS2 [45]. 
Therefore, it is worthwhile to evaluate the adhesion energy of MoS2 with varying thickness. 
We studied and compared the nano-scratch test behavior in MoS2 films with thicknesses 
ranging from monolayer (0.728 nm) to few layers (8.112 nm). Figure 4.4 shows the curve of 
lateral force vs. displacement when the nanoindenter tip moves across the MoS2 films having 
different thickness (Nano-scratch test results from SL MoS2 are included for comparison). 

As can be seen from Figure 4.4, the area under the curve of lateral force vs. lateral 
displacement increases with MoS2 film thickness, illustrating that the adhesion energy of 
MoS2 film with SiO2 increases with elevated film thickness. In addition, since indentation 
depth of the scratch channels on the samples is sensitively recorded by the nanoindenter tip, 
and the ratio of height to width of tip is already known, so the width and area of the scratch 
region could be calculated. The debonding energy, scratch area and the corresponding energy 
per unit area for the MoS2 samples with different thickness are summarized in Table 4.1. 
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Figure 4.4. Lateral force vs. Lateral displacement of nanoscratch study at MoS2/SiO2 interface, 
MoS2 with thickness of (a) 0.728 nm; (b) 3.192 nm; (c) 5.234 nm; (d) 8.112 nm. 
 
 

Table 4.1. Calculated Bonding Energy of MoS2 on SiO2 Substrate 

 
    Here we observed that the practical adhesion energy of MoS2 on SiO2 substrates 
increases with the number of layers almost in a linear way as shown in Figure 4.5, the 
relationship could be described as Y= 4.71 + 2.23 X (J/m2). Here X is the layer number and Y 
is the practical adhesion energy. From this fitted curve we could know the respective 
contribution of each term for the total practical adhesion energy in Equation (11). It can be 
seen that the first three terms in Equation (11) only depend on the surface and interface 
chemistry and has noting to do with the film thickness, while the deformation energy of the 

MoS2 film thickness (nm) 0.728 nm 3.192 nm 5.234 nm 8.112 nm 
Debonding energy 18.21 pJ 23.32 pJ 46.44 pJ 53.66 pJ 

Scratch area 2.34 μm2 2.03 μm2 1.89 μm2 1.74 μm2 
Energy per unit area 7.78 J/m2 11.48 J/m2 24.57 J/m2 30.83 J/m2 
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film is considered to be linear with the number of layers of MoS2. Therefore, it can be 
deduced that 4.71 J/m2 comes directly from the film/substrate interface including the 
fundamental adhesion energy, interface mechanical interlocking energy and surface 
roughness contribution, while the deformation and fracture energy of each MoS2 layer is 
about 2.23 J/m2. It should be noted here also a part of total energy is dissipated to slide the 
layers of MoS2. However, the interlayer forces are just less than 1% of the intralayer forces, 
which is very minimal and can be neglected. So the major cause for the larger practical 
adhesion energy in the thicker film is the accompanied higher deformation and fracture 
energy during scratch process. 

 
Figure 4.5. Number of layers dependence of adhesion energy of MoS2 onto SiO2 substrates.  
 
4.3.3  XPS of 2D MoS2 on SiO2/Si Substrate 

Elemental analysis of the surface of the monolayer MoS2 was carried out a XPS 
measurement. As can be seen from Figure 4.6(a), the Mo 3d spectrum presents two peaks at 
229.5 and 232.4 eV, which are originated from Mo 3d5/2 and Mo 3d3/2, respectively. 
Furthermore, another two peaks of binding energies at 162.3 and 163.4 eV in Figure 4.6(b) 
are inferred to be induced by the spin-orbit couple S 2p3/2 and S 2p1/2. The binding energies 
shown here accord with previous already known values of the MoS2 crystal [46]. Since the 
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film studied here is only about 0.7 nm, the electrons can penetrate the film surface and reflect 
from the MoS2/SiO2 interface, therefore the interfacial information should also be recorded in 
the spectrum. Not surprisingly if the atoms from two dimensional MoS2 layers chemically 
interact with the SiO2 substrate, a charge transfer would occur as a consequence. In that case, 
there will show up characteristic peaks of MoO3 or sulfates in synthesized the XPS spectrum. 
However, none of these peaks appears, confirming that the MoS2 thin layer obtained by 
two-step method is bonded with the SiO2 substrate mainly through a physical van der Waals 
force, rather than chemical interactions. 

 

 
Figure 4.6. X-Ray photo emission spectroscopy (XPS) of (a) Mo and (b) S for the MoS2 prepared by two-step method with a thickness of 0.728nm. 

(b) 

(a) 
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4.3.4  Substrate Effect on the Adhesion Energy of 2D MoS2. 
Initially, amorphous SiO2 substrates were used for MoS2 growth because they are 

compatible with the conventional semiconductor devices and circuits. However, quite a 
number of researchers have demonstrated that single crystals like mica, graphite and sapphire 
are good candidates as substrates to achieve the high-quality growth of 2D MoS2 [47-48]. The 
precursor migration could be accelerated during CVD process owing to the extremely flat 
surface of these substrate, thus thickness of synthesized layers will be quite uniform. 
Furthermore, thanks to the lattice similarity, the MoS2 films may grow on the insulating 
single crystals in a epitaxial way [49]. In view of the merits of sapphire substrate for the 
high-quality growth of MoS2 layers, it is also meaningful for us to check the adhesion 
behavior of 2D MoS2 on the sapphire substrate and compare it with the circumstance of 
SiO2/Si substrate. 
    We synthesized MoS2 layers on sapphire substrate using the same two-step method as 
described above. Again, similar nano-scratch tests were performed on MoS2/sapphire system 
and the corresponding lateral force - displacement relationship is depicted in Figure 4.7. As 
can been see from the graphs, the bonding energy on sapphire substrate is 103 pJ for MoS2 
with thickness of 0.889 nm (~ 1 layer) and 127 pJ for MoS2 with thickness of 3.369 nm (~ 4 
layers), after dividing by the scratch area, energies per unit area are calculated to be 44.78 
J/m2 and 64.14 J/m2, respectively, which are several times higher than on the SiO2 substrate. 
Detailed comparison is presented in Figure 4.8. The fitted curve for the MoS2 adhesion 
energy changing with number of layers could be written as Y = 38.33 + 6.45 X, quite 
different from the one on the SiO2 substrate Y= 4.71 + 2.23 X. 

This may because that the same hexagonal lattice symmetry of sapphire and MoS2 could 
possibly be exploited for epitaxy growth of MoS2 thin layers, so as-grown MoS2 flakes 
presented preferred lattice orientation and larger grain size when compared with the MoS2 
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grown on SiO2 substrate [50]. Therefore, the pristine and defect-free MoS2 thin films takes 
more energy to deform and break during the nano-scratch process. Moreover, as 
demonstrated by Su et al, since the thermal expansion coefficient (TEC) of SiO2 is much 
smaller than MoS2 films, and the CVD synthesis of MoS2 is carried out in high temperature, 
so after cooling a significant strain and stress will be generated in the MoS2 films grown on 
the SiO2 substrates [51]. While for MoS2 films grown sapphire substrate, owing to the similar 
TEC between the MoS2 and sapphire, much less strain will be stored at the interface instead. 
The tensile stress and strain will have some negative impact on the strength of adhesion of 
thin films on their supporting substrates, thus the adhesion energy of 2D MoS2 on sapphire 
substrate is much higher than SiO2 substrates [52]. 

In our previous work we have taken similar ways to measure the adhesion strength of 
graphene, and the adhesion energy of graphene on dielectric SiO2 substrate after vacuum 
annealing the adhesion energy is 20.64 J/m2. Thus, in this paper the adhesion energy of 2D 
MoS2 is comparable or even higher to the graphene, which manifests its high bonding 
strength on rigid substrates and provides the possibility for the future MoS2-based devices 
design and application. This conclusion agrees well with the previous report by Su et al, who 
have found the Raman characteristic peak locations remain constant as the temperature 
changes in the annealing process for CVD-grown MoS2 on SiO2 substrates, substantiating the 
robust adhesion strength of MoS2 films [51]. 
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Figure 4.7. Lateral force vs. Lateral displacement of nanoscratch study at MoS2/sapphire 
interface, MoS2 with thickness of (a) 0.889 nm; (b) 3.369 nm. 
 
 

             Figure 4.8. Comparison of adhesion energy of MoS2 on SiO2 and sapphire substrate 
  

(a) 

(b) 
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4.4  Chapter Conclusion 
    In this chapter we have measured the adhesion energy of two dimensional MoS2 on 
SiO2/Si and sapphire substrate. The practical adhesion energy of monolayer MoS2 onto 
SiO2/Si is 7.78 J/m2, much larger than the theoretical value as demonstrated elsewhere (< 1 
J/m2). The practical adhesion energy not only comprises fundamental adhesion energy, but 
also includes the films deformation energy, surface roughness induced energy and interfacial 
mechanical interlocking energy, that is why practical adhesion energy is much higher than the 
fundamental one. 
    Practical adhesion energy of MoS2 increases linearly with the number of layers, since 
the deformation and fracture energy of MoS2 is proportional to the number of layers, which is 
around 2.23 J/m2 for each layer. A portion of the total adhesion energy which equals to 4.71 
J/m2 comes from the non-thickness-dependent part, which is comprised of fundamental 
adhesion energy, surface roughness induced energy, stress and strain contribution at the 
interface. 
    As for MoS2 thin films grown on sapphire substrate, its adhesion strength is much higher 
than that of SiO2/Si substrate. For one thing, due to the similarity of the Temperature 
Expansion Coefficient (TEC) between MoS2 and substrate, low tensile strain and stress is 
stored at the interface, thus giving very little negative influence on the adhesion energy, thus 
MoS2 films bond to the sapphire substrate in a better way when compared to SiO2 substrate 
(non-thickness-dependent part 38.33 J/m2 on sapphire substrate, 4.71 J/m2 on SiO2 substrate). 
For another thing, due to the expitaxy growth, MoS2 films on sapphire substrate have larger 
grain size, less defects and are in better quality, thus deformation energy of each MoS2 layer 
on sapphire is higher than that on SiO2/Si substrate (6.45 J/m2 on sapphire substrate and 2.23 
J/m2 on SiO2/Si substrate), causing a faster increase of the adhesion energy with the number 
of layers.  
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    The facile nano-scratch method is able to be applied for measuring the adhesion energy 
of thin films at nano-scale. Also the results enable us to know the respective contribution 
from intrinsic interfacial bonding, film deformation, and film fracture. The results obtained 
could help us clarify the factors that may influence the adhesion energy of thin films at 
nano-scale, and provide us with a good way for comparing the adhesion value at different 
conditions. 
    The adhesion energy of 2D MoS2 is comparable or even higher to the graphene, which 
manifests its high bonding strength on rigid substrates. So We believe that that the bonding 
strength of the MoS2 film on Si/SiO2 and sapphire substrates was high enough to avoid any 
debonding during their practical use. 
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CHAPTER 5 
SURFACE FREE ENERGY OF 2D MoS2 

 
5.1  Introduction 
    The wettability properties and surface free energy of 2D MoS2 is very critical to its other 
fundamental properties and practical applications. It has claimed that the presence of 
humidity in the air can modulate the characteristics of MoS2 transistor [53]. Also two 
dimensional materials are being actively studied to delve their applications as coating for 
corrosion protection and friction resistance. Make a better understanding of the wettability 
and surface free energy will be surely helpful to estimate the interaction of MoS2 films with 
vapor or liquid in the environment, and further guiding us for subsequent surface 
modification. 
 
5.2  Experiments 
 
5.2.1  Contact Angle Measurement 

A droplet is deposited on the MoS2 thin film surface. The appearance of the droplet is 
captured by CCD camera, then the contact angle is analyzed by the Image J software and 
Snakes fitting. 

 
5.2.2  Neumann Method Fitted 

In this chapter, for calculating the surface free energy of MoS2, upon getting the contact 
angle of four different liquids on MoS2 surfaces, we then select the Neumman model and try 
to correlate the contact angle and solid surface free energy. Detailed principles and steps have 
been discussed in the first chapter of Introduction. 
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5.3  Results and Discussion 
 
5.3.1  Contact Angle of Different Liquid Droplets on 2D MoS2 

A common way to deduce the surface energy of one solid is to observe the contact 
angles of different liquids dropped on its surface, then derive surface free energy based on 
Neumann model, Fowkes model or Owens-Wendt model. In our study we have measured the 
contact angle of four different liquids (acetone, dimethyl sulfoxide, formamide, water) on the 
surface of MoS2 thin film, and the results are presented as in Figure 5.1. Here the sample we 
choose is MoS2 film with thickness of 5.234 nm, since too thin film will be easily affected 
and debonded thus lose effect, while too thick film will not possess the exceptional properties 
when compared to the atomically thin counterparts. 

      

      
Figure 5.1. Liquid contact angle on 2D MoS2, droplet image for (a) Acetone; (b) Dimethyl 
Sulfoxide; (c) Formamide; (d) Water. 
 
5.3.2  Derivation of the Surface Free Energy of 2D MoS2 

By using the dropsnake analysis of Image J, the droplets shape could be fit and the 
contact angles would be measured. The surface tension of these four different liquids and 
their contact angles on the surface of MoS2 are summarized in Table 5.1. 

(a) (b) 

(c) (d) 
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Table 5.1. Surface Tension of Various Liquids and Contact Angles on the MoS2 Films 
 
     
 
 
 
 

We then try to deduce the surface free energy of MoS2 through Neumann approach. The 
relationship between the surface energy of one liquid and its contact angle onto a solid 
surface could be demonstrated by Neumann’s theory as shown in Equation (12) [54]. 

         221cos lse
l
s 

             (12) 

    Here s  and l  are the solid and liquid surface free surface energy, θ represents the 
contact angle, β is a constant value intrinsic to the solid surface. By taking some transform of 
Equation (12), the following Equation (13) could be generated. 

    slsl  ln)(2])2
cos1(ln[ 22 

      (13) 

    A curve showing the relationship between left side of Equation (13) and liquid surface 
free energy l  could be represented in Figure 5.2. The value of β and s  are determined 
after a binomial fitting of the plotted data. Here, the fitted function for the curve is Y = 
-1.63×10-4 X2 + 0.0278 X + 2.547, so we can conclude that s  for MoS2 is about 85.3 
mJ/m2. It should be noted here our results differs a lot from the surface energy got by Gaur et 
al, which is about 46.5 mJ/m2 [55]. This is because that MoS2 layers synthesized by different 
method are endowed with different morphology and structures, more vertically aligned MoS2 
layers will increase the surface energy a little bit. Also the defects on the MoS2 layers will 
lead the surface energy to go up rapidly. To sum up, the relatively high surface free energy 

Liquid Acetone Dimethyl Sulfoxide Formamide Water 
Surface tension (mJ/m2) 23.3 43.6 58.2 72.1 
CA (deg) 21.1 46.1 52.8 60.1 

ln[ l {(1+cosθ)/2}2] 3.109 3.443 3.624 3.703 
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indicates the hydrophilic nature of 2D films. 

 
Figure 5.2. Plots of ])2

cos1(ln[ 2 
l vs l  for different liquid on the MoS2 surface. 

 
While as reported by Kozbial et al, the surface energy of graphene deposited on Cu 

substrate was determined to be around 53 mJ/m2 to 64 mJ/m2 when different fitted methods 
are utilized [56]. Comparison shows that 2D MoS2 possess better wettability and higher 
surface energy when compared to graphene. 

 
5.3.3  Thickness Effect on the Water Contact Angle of 2D MoS2 
    Since the 2D MoS2 layers have a interaction with the substrate, thus the substrate may 
also give an effect on the upper surface property of 2D MoS2, further influencing the contact 
angle and surface free energy of 2D MoS2. 
    2D MoS2 layers are fabricated by the two-step approach described in the second chapter 
and its thickness could be controlled by changing sputtering time in the first step. We then 
measure the contact angle of MoS2 with different thickness on the SiO2 substrate. Sputtering 
time of Mo and the corresponding contact angle of sulfurized MoS2 films are presented in 
Figure 5.3.     
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Figure 5.3 Contact angle of MoS2 on SiO2 substrate. Sputtering time of Mo (a) 4s; (b) 7s; (c) 
10s; (d) 20s; (e) 30s in the first step of synthesis. 
 

From the figure shown above, we know the contact angle of MoS2 on the SiO2 substrate 
will decrease with its thickness. This means that in thicker MoS2 films, the van der Waal 
force between the water and the MoS2 film surface enhances, giving rise to a stronger 
interaction. However, further explanation is needed here to make a better understanding of 
thickness-dependent surface energy of 2D MoS2. 

 
5.4  Chapter Conclusion 

In this chapter, we have measured the contact angle of four different droplets, namely 
acetone, dimethyl sulfoxide, formamide, and water, on the surface of two dimensional MoS2 
films with a thickness of 5.234 nm. Using Neumman model fitting, as-obtained surface free 
energy of MoS2 is ~ 85.3 mJ/m2. Difference between the surface energy in our case and the 

(a) 4s  
75.2o  

(b) 7s 
68.3o 

(c) 10s 
 55.7o 

(e) 30s 
60.1o 

(c) 10s  
64.7o 

(d) 20s 
63.4o 
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existing reported one can explained by the morphology difference of MoS2 when synthesized 
by distinct methods. Thickness of MoS2 films exerts a big influence on the surface free 
energy, thicker MoS2 films are accompanied by smaller contact angles. The high surface free 
energy of MoS2 films helps to explain why there exists a strong bonding at the 
MoS2/substrate interface. Due to the high surface energy, when the 2D MoS2 is used in 
practical applications, the water in the air may diffuse across the thickness of MoS2, which is 
detrimental to the property of MoS2-based devices. Further physical or chemical 
modifications on the MoS2 surface are recommended in order to stabilize the MoS2 property. 
  



 53

CHAPTER 6 
CONCLUSIONS 

    I.  Our results show that monolayers of MoS2 possess a high bonding energy on its 
supporting substrate. The practical adhesion energy of monolayer MoS2 on SiO2/Si substrate 
is 7.78 J/m2. 
    II.  The practical adhesion energy of MoS2 layers was found to increase monotonically 
with increasing thickness, since deformation energy of MoS2 layers increases linearly with 
the number of layers. 
    III.  The bonding energy of the MoS2 films on the sapphire substrate are much higher 
as compared on SiO2/Si substrate, which is attributed to better quality of MoS2 films on 
sapphire substrate due to epitaxy growth, and the low strain and stress at the interface owing 
to the similar Thermal Expansion Coefficient between MoS2 films and sapphire substrate.  

IV.  We believe that that the bonding strength of the MoS2 film on SiO2/Si and sapphire 
substrates was high enough to avoid debonding during their practical use.  

V.  The nano-scratch method is able to be applied for measuring the adhesion energy of 
thin films at nano-scale. The results enable us to know the respective contribution from 
intrinsic interface bonding, film deformation and fracture. 

IV. The surface free energy of 2D MoS2 is about 85.3 mJ/m2, illustrating a hydrophilic 
nature of the MoS2 surface. The good wettability can be a major cause for the strong bonding 
energy at the MoS2/substrate interface. Thickness of MoS2 films exerts a big influence on the 
surface free energy, thicker MoS2 films are accompanied by smaller contact angles. 
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APPENDIX 
DETAILED STEPS FOR THE ADHESION ENERGY CALCULATION 
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Step1:  Scratch Area of MoS2 Calculation 
The scratch area on the sample is calculated by multiplying the width (w) and length (l) 

of the scratch channel. The indentation depth (h) is recorded by the apparatus, due to the 
already known width/height ratio of the indenter tip as shown in Figure A.1, the width could 
also be easily estimated from the depth. In our research study the Berkovich tip profile results 
in a equation w=8×h. 

 
 

Figure A.1. Schematic of (a) nanoindeter Berkovich tip profile; (b) lateral view of the 
nanoscratch technique for measuring adhesion energy. 
 
 
Step 2:  Debonding Energy Calculation 

To determine the debonding force of peeling MoS2 films from the substrate, the 
nanoindenter tip is brought to move from the bare substrate region to the MoS2 films , the 
additional lateral force when the tip moves across MoS2 film as compared to bare substrate is 
regarded as the debonding energy of thin films. Figure A.2(a) and A.2(b) represents the 
lateral force recorded by nanoindenter tip on the bare substrate region and MoS2 films region, 
respectively. Subtracting the force in figure (a) from the one in figure (b) results in Figure 4.2. 
Finally the area under the curve of lateral force versus lateral displacement is computed to 
demonstrate the debonding energy of MoS2 on their supporting substrates. 

 
 
 
 

(a) (b) 
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 Figure A.2. Lateral force versus Lateral displacement when the tip moves on (a) bare SiO2 region; (b) MoS2 films region. 
 
 
Step3:  Adhesion energy per unit area calculation 

Dividing the total debonding energy by scratch area will generate the final adhesion 
value of MoS2 films attached to the substrate. 

 
Step4:  Consideration of Mo-S atomic bonds breaking energy 
    It should be noted here in the nanoscratch experiment process, some Mo-S atomic bonds 
are broken so as to consume a part of energy from the entire debonding energy. 

As shown in Figure 2.1(a), the atomic surface density of Mo is 3/(6* 3 /4*0.3172) = 

(a) 

(b) 
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11.49 / nm2, so the total Mo atoms in the scratch area is 2.34*106 nm2/(11.49/ nm2) = 
2.04*105. Mo-S bond energy is 450 kJ/mol, each Mo atoms is bonded with six sulfur atoms, 
therefore, even we assume that all the Mo-S bonds in the scratch area are broken by the 
nanoindenter tip, the total Mo-S bond energy in the nanoscratch process equals to 
6*2.04*105*450*103/(6.02*1023) J = 0.915 pJ. This value is much smaller than the total 
debonding energy (18.21 pJ), so it can be neglected for the final adhesion energy calculations. 
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